Alternative polyadenylation (APA) leads to multiple transcripts from the same gene, yet their 18 distinct functional attributes remain largely unknown. Here, we introduce APA-seq to detect the 19 expression levels of APA isoforms from 3'-end RNA-Seq data by exploiting both paired-end 20 reads for gene isoform identification and quantification. Applying APA-seq, we detected the 21 expression levels of APA isoforms from RNA-Seq data of single C. elegans embryos, and 22 studied the patterns of 3' UTR isoform expression throughout embryogenesis. We found that 23 global changes in APA usage demarcate developmental stages, suggesting a requirement for 24 distinct 3' UTR isoforms throughout embryogenesis. We distinguished two classes of genes, 25
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Alternative polyadenylation (APA) is a crucial regulatory mechanismwidespread and 40 conserved across all eukaryotesthat diversifies post-transcriptional regulation by selective 41 mRNA-miRNA and mRNA-protein interactions (Ozsolak et al. 2010; Jan et al. 2011; Derti et al. Overall, we detected multiple 3' UTR isoforms for 14% of the expressed genes in our dataset 134 (746 out of 5336 genes). Of these, less than 1% have more than two isoforms (Supplemental 135 Fig. S1D ). This set is not comprehensive to all possible 3' UTR isoforms produced by the C. 136 elegans genome given that we only examined 430 minutes during embryogenesis, and the 137 stringent thresholds set in our bioinformatics pipeline (in terms of mapping parameters, 138 mapping level filtering and spurious site removal, see Methods). We assayed the accuracy of Table S1 ). The remaining 5% show significantly lower expression levels than the annotation 143 overlapping 3' UTR isoforms (Supplemental Fig. S1E ) and we therefore excluded these from 144 further analyses by expression level filtering. To study the temporal dynamics of 3' UTR 145 isoform expression, we classified the reads according to their embryo of origin (Fig. 1E, 146 Supplemental Table S1 ). As an example, two isoforms were identified for rps-29, which 147 encodes a ribosomal protein subunit (Kamath et al. 2003) . Interestingly, while the sum of 148 expression of both rps-29 isoforms is roughly constant over time, the long 3' UTR isoform is 149 predominantly expressed in the early stages while the shorter is expressed in later embryos 150 ( Fig. 1E ). Correlating the expression levels of all 3' UTR isoforms across stages, we found that 151 successive stages (near-replicates) show high correlations thus highlighting the reproducibility 152 of the data (Supplemental Fig. S2 ). We conclude that while CEL-Seq is typically used to assay 153 overall expression levels with the mapping location typically ignored, processing the reads 154 using APA-seq can identify the exact locations of alternative polyadenylation sites and the 155 expression levels of distinct 3' UTR isoforms. Our dataset enabled us to study overall patterns of 3' UTR isoform usage throughout early 183 development in individual embryos. For each gene we first computed the ratio of expression 184 between its 3' UTR isoforms throughout the time-course. Interestingly, the clustering of stages 185 according to these profiles revealed that adjacent developmental stages show concordant 3' 186 UTR isoform usage patterns which group into distinct periods with diverging APA dynamics 187 ( Fig. 2A ). The four groups correspond to previously characterized developmental periods: 188 maternal degradation, early period of extensive proliferation and specification, the mid-189 embryonic transition period and the subsequent period of morphogenesis (47). The 190 observation that different periods have different corresponding patterns of 3' UTR isoforms 191 may reflect that each of these has a distinct functional requirement. Between adjacent periods 192 we found that the direction and level of change of polyadenylation site usage generally shows 193 a broad burst of shortening especially between the proliferative and mid-embryonic transition 194 periods ( Fig. 2B ). This is consistent with previous work indicating that proliferative states show 195 an overall trend for 3' UTR shortening (Tian and Manley 2017) . Overall, we identified that 89% 196 of dynamic 3' UTR isoform genes show APA switches in at least one of the period switches Clustering the 3' UTR isoform ratio profiles throughout the time-course, we identified four main 199 distinct clusters ( Fig. 2D) ; genes whose 3' UTRs elongate or shorten over time (Cluster 1 and 200 4, respectively) and genes whose 3' UTRs shorten transiently during the proliferation period 201 (Cluster 2 and 3). The majority of genes though show continuous shortening of their 3' UTR 202 regions with progressing development (cluster 4). Interestingly, these genes show enrichments 203 for MAP kinase cascade, morphogenesis and neuronal differentiation (Supplemental Fig. S3 ).
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All these functions are crucial components of the switch from germ cell biology to proliferative 205 and differentiation processes. In summary, we show that the 3' UTR dynamics detected by Examining the temporal profiles, we found that 3' UTR isoforms of a particular gene may 236 exhibit striking dynamics throughout development, while the overall total expression for the 237 gene may be uniform ( Fig. 3A ). To study this systematically, we defined the dynamic range of 238 a gene's overall expression profile as the fold differences between the maximum and minimum 239 expression values throughout the time-course. We found a positive correlation between the 240 dynamic overall expression range of a gene and the correlation among its isoforms ( Fig. 3B ; 241 r=0.94, P=0.03, 2 nd degree polynomial regression test, N=746). Similar results were obtained 242 using the interquartile range (IQR) of the time-course overall expression levels as a proxy for 243 expression dynamicity (r=0.98, P=0.04, 3 rd degree polynomial regression test, N=746). This 244 result provides evidence for the notion that apparently constitutive genes can be highly 245 dynamic at the level of their individual 3' UTR isoforms.
246
Gene expression levels may explain this correlation, if genes with less dynamic behavior are 247 also lowly expressed, and in turn may have noisier and uncorrelated 3' UTR isoform profiles.
248
To control for this possibility, we asked if there is a trend in expression levels according to the 249 correlation among isoforms ( Fig. 3C ). Interestingly, genes with non-congruent APA behavior 250 also show higher expression levels overall ( Fig. 3C; r=0 .99, P<0.002, 2 nd degree polynomial 251 regression test, N=746) eliminating expression noise as a confounding factor.
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To further examine this phenomenon, we visualized the dynamics of 3' UTR isoform 253 expression and total expression in genes with highly or lowly correlated isoforms. The 746 254 genes with multiple 3' UTR isoforms displayed a variety of isoform expression correlations 255 (Supplemental Fig. S4 ). More than 70% of the genes (545 genes) have highly correlated 3' 256 UTR isoform expression (r>0.7), while 11% of the profiles (79 genes) are lowly correlated 257 (r<0.3). We henceforth refer to the two gene sets of highly and lowly correlated 3' UTR 258 isoforms, as HCI and LCI, respectively. As the heat maps in Fig. 3D -E show, we found 259 dynamic expression for both the HCI and LCI groups at the 3' UTR isoform level. As expected, 260 the total gene expression for the correlated isoforms is dynamic, recovering the dynamics of 261 the isoforms. Conversely, the total expression of the LCI genes mostly corresponds to profiles 262 with constitutive overall expression. Such profiles are frequently attributed as housekeeping 263 profiles, however as our analysis reveals, at the 3' UTR isoform level they may be very 264 dynamic. Thus, by de-convolving the total expression into profiles of distinct 3' UTR isoforms 265 we were able to extract a new layer of information from this dataset.
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Delineating the LCI and HCI groups, led us to hypothesize that 3' UTR isoforms from the 267 former group are under stronger selective pressures, and are consequently more likely to be 268 functionally different. We thus set out to test this hypothesis by studying the post-269 transcriptional and translational regulatory characteristics of these two gene sets. (Fig. 4A ). We first counted the number of basic miRNA seed matches in the 304 3' UTR sequence of the different groups (Peterson et al. 2014) . We found that genes with 305 more than one 3' UTR variant have significantly more miRNA binding sites than genes with a 306 single 3' UTR isoform (P<10 -12 , Mann-Whitney test, Fig. 4B ). Genes with multiple variants also 307 15 have significantly longer 3' UTRs (P<10 -28 , Mann-Whitney test, Fig. 4C ), though the number of 308 miRNA binding sites per base is not different across the groups (Supplemental Fig. S5 ). Thus, 309 genes with multiple variants are predicted to be regulated more actively by miRNAs.
310
Comparing the number of binding sites between the HCI and LCI groups, we found that the 311 latter group has significantly more miRNA binding sites in their 3' UTR (P<0.02, Mann-Whitney 312 test, Fig. 4B ). We further studied this group of genes by examining the sequence that is unique 313 to the longer 3' UTR isoform (Fig. 4A ). Comparing between the HCI and LCI groups, we found 314 that the latter have significantly more miRNA binding sites in their unique 3' UTR region (P<10 -315 3 , Mann-Whitney test, Fig. 4D ). This is not because LCI genes have denser distribution of 316 miRNAs, rather their unique 3'UTR regions are significantly longer than in HCI genes (P<10 -4 ,
317
Mann-Whitney test, Fig. 4E ), thus they tend to carry more potential miRNA binding sites.
318
These results implicate a role for miRNAs in the differences we see between the genes sets of 319 correlated and uncorrelated isoform genes.
320
To further examine the effect that miRNA regulation exerts on HCI and LCI genes, we Figure 4G shows the distributions of correlation 331 coefficients for dynamically expressed miRNAs with the 3' UTR isoform expression ratio of 332 their targets in the HCI and LCI groups. These ten miRNAs were selected based upon the 333 most significant difference between the target correlations of the HCI and LCI gene groups (out 334 of 64 miRNAs with dynamic expression-statistics of all miRNAs can be found in Supplemental   335   Table S2 ). We found that in all ten the correlations are significantly higher in LCI than in HCI 336 genes. For example, cel-miR-2-5p shows significantly higher correlations with the expression 337 16 ratio of the isoforms of all the genes it potentially binds and regulates in the LCI genes (P<10 -3 , 338 Mann-Whitney test, Fig. 4G ). This analysis suggests that miRNAs play a major role in 339 regulating genes with lowly correlated 3' UTR isoforms (LCI) during C. elegans 340 embryogenesis. Supplemental Table S2 ). All ten exhibit a positive 368 median correlation between miRNA expression and the 3' UTR isoform expression ratio of 369 genes it is predicted to bind (as in F). Further, this correlation is significantly higher in LCI than 370 in HCI genes. (H) Heatmap of the standardized expression dynamics of the ten indicated 371 miRNAs which show differences between HCI and LCI genes across development. 395 elegans, we found that LCI genes exhibited reduced mRNA to protein expression correlation 396 relative to HCI genes ( Fig. 5B; P=0.00038 , Mann-Whitney test; N=571, 189 for HCI and LCI, 397 respectively). We further analyzed three extensive embryonic mRNA, protein and APA 398 datasets from Xenopus laevis (Zhou et al. 2019; Peshkin et al. 2015) and observed similarly 399 highly significant trends for this vertebrate species (Fig. 5C ; P<10 -6 , Mann-Whitney test; 400 N=1953, 996 for HCI and LCI, respectively). These results suggest that weak correlations 401 between mRNA and protein may be in part explained by the existence of LCI genes with 402 isoforms with distinct translation efficiencies. The APA-seq approach allows for the extraction of an additional layer of data from CEL-Seq 413 data. In addition to quantifying the expression of each gene, APA-seq reveals the alternative 414 polyadenylation dynamics on a transcriptomic basis. APA-seq uses the CEL-Seq Read 2 to 415 identify the gene of origin and then maps Read 1 to the respective gene sequence, instead of 416 to the whole genome, enabling the use of even extremely low-quality sequencing data 417 resulting from reading through protocol-conditioned poly-T stretches. Hence, by performing a 418 subtle modification in data analysis without altering the actual CEL-Seq protocol, we were able 419 to switch from analysis at the gene to the APA level. Although the presented data is based on 420 CEL-Seq data, our method is in principle applicable to any RNA-Seq method that uses the (Shepard et al. 2011; Derti et al. 2012; Yao et al. 2012; Lianoglou et al. 2013; 427 Wilkening et al. 2013; Gruber et al. 2014; Nam et al. 2014; Li et al. 2015; Velten et al. 2015; Ye 428 et al. 2018 , Gupta et al. 2018 .
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In addition to APA-seq, two methods are currently available for assessing APA in low-input BATSeq is the formers high sensitivity, deriving from its use of CEL-Seq data; employing far 434 less amplification and clean-up steps and PCR cycles, and a simple protocol and analysis.
435
ScISOr-Seq also constitutes pioneering single-cell isoform work with the advantage of 436 revealing the complete isoform due to its reliance on long-read sequencing. Relative to 437 ScISOr-Seq, APA-Seq has the advantage of higher statistical confidence due to its reliance on 438 deep Illumina sequencing. We highlight that APA-seq is not aimed towards the identification of 439 polyA sites from scratch but rather we present it as an efficient method for quantifying the 440 expression profiles of previously mapped isoforms. Furthermore, while we applied APA-seq 441 here to single-embryo CEL-Seq data, it could in principle also be applied to single-cell data. As Manley 2017). Here, we report two general gene classes with 3' UTR isoforms: those whose 3' 465 UTR isoforms correlate in their expression profiles across time and those that do not. Most 466 genes (more than 70%) with alternatively polyadenylated isoforms exhibit a high correlation 467 among their 3' UTR isoforms. These highly correlated isoform genes (HCI) may be dominantly 468 regulated at the level of overall transcription. In other words, the main factor influencing the 469 distribution of the 3' UTR isoforms usage is the intrinsic strength of their polyadenylation sites.
470
Genes belonging to this class are often referred to as 'dynamic genes', which we previously UTRs of the LCI genes comprise significantly more miRNA binding sites and the 3' UTR 484 isoform ratio correlates well with the expression of a sub-group of miRNAs, many of which are 485 22 known regulators of embryogenesis (Fig. 4) . Consistently with these findings, the correlation 486 between total mRNA and protein abundances is lower in LCI genes relative to HCI genes 487 indicating that the 3' UTR usage of this group of genes is tightly regulated. up to a distance of 20 nucleotides upstream of the polyadenylation site. We predicted APA 517 sites only for those genes passing a threshold of 20 mapped reads in at least two samples. For 518 these genes we identified the peaks representing the polyadenylation sites by summarizing the 519 last mapping coordinates of all the truncated Read 1 entities that mapped to a specific gene 520 using the 'findpeaks' function in MATLAB. Peaks were required to be separated by at least 20 521 nucleotides in order to be considered as distinct. The height threshold for a peak was 5 reads, 522 or 1/1000 of the total gene expression in a particular sample. We then filtered out possible 523 spurious peaks that may have resulted from internal priming, by removing any peak whose 524 downstream genomic sequence included any of the following nucleotide combinations: AAAA, 525 AGAA, AAGA or AAAG (Gruber et al. 2016) . The exact coordinate of any polyadenylation site 526 was defined as the most 3' coordinate of the respective peak. To validate the quality of our 527 data, we compared our polyadenylation site annotation with a previously published C. elegans 528 3' UTR annotation (Mangone et al. 2008) . We performed this by measuring the difference 529 between the mapping positions of polyadenylation sites from both data sets (see Fig. 1D ). Categorization of genes by APA behavior. To determine whether total gene expression is 548 considered static or dynamic throughout development, we used the ratio of minimum to 549 maximum and as validation the interquartile range (IQR) of expression levels across time. To 550 quantify 3' UTR variant expression deviations, we calculated Pearson correlation for the 551 expression pattern of the two, or more, 3' UTR isoforms. For genes with more than two 552 isoforms (<1% of expressed genes), we used the minimal Pearson correlation between any 553 pair of isoforms. Highly correlated 3' UTR isoforms (HCI) are those with r>0.7, while lowly 554 correlated 3' UTR isoforms (LCI) are those with r<0.3. 555 miRNA target analysis. 3' UTR sequences were identified according to APA-seq. After 556 removing gene coding sequences using WormBase annotation, we annotated miRNA binding 557 sites by searching for the basic seed match sequence within the 3' UTR, i.e. the 558 complementary sequence for nucleotides 2-7 of the miRNA (Ambros 2004; Bartel 2004) . We 559 disregarded other parameters such as type of seed match or complementarity outside of the 560 seed region. We then counted the number of miRNA binding sites for each gene subgroup 561 (LCI and HCI genes), and used Student's t-test to determine the significance of the difference 562 in the number of miRNA binding sites between the LCI and HCI groups. To determine the 563 effect specific miRNAs have on their targets, in genes with multiple 3' UTR isoforms, we 564 calculated Pearson correlation between the isoform expression ratio of the two most highly 565 expressed isoforms, and the miRNA expression profile (Avital et al. 2017) . For this analysis we 566 examined only dynamically expressed miRNAs, whose expression is above 250 transcripts 567 overall across the timepoints. To compare the miRNA dataset with our APA-seq dataset, we 568 examined only matching timepoints to our time-course and used the Matlab 'imresize' function 569 followed by smoothing to stretch the miRNA expression data. 
